Using angle-resolved photoemission and linearly polarized synchrotron radiation, we measured the electronic band structure of electronic states of CuO 2 plane materials ranging from insulators ͑Sr 2 CuO 2 Cl 2 ) to overdoped superconductors ͑Bi 2 Sr 2 CaCu 2 O 8ϩx ). We report three results: ͑i͒ The CuO 2 containing insulator possesses a spin-density-wave ͑SDW͒ ground state; ͑ii͒ there are precursors of the SDW state for underdoped Bi 2 Sr 2 CaCu 2 O 8ϩx ; ͑iii͒ an extended saddle-point-type van Hove singularity is neither a necessary nor a sufficient condition for a high superconducting transition temperature, T c . ͓S0163-1829͑97͒50226-8͔
How the electronic structure of cuprates changes with doping is of intense current interest. In this paper, we concentrate on two of the several reasons for this interest. First is how the electronic band structure evolves in changing from an antiferromagnetic insulator to an overdoped superconductor. To address this issue, we performed angle-resolved photoemission measurements on a prototypical antiferromagnetic insulator Sr 2 CuO 2 Cl 2 with T N ϭ256 K, and on Bi 2 Sr 2 CaCu 2 O 8ϩx samples ranging from underdoped to overdoped. The second issue on which we concentrated is the relation between the extended van Hove singularity observed near optimal doping and a high value of T c . We find that underdoped cuprates with T c values as high as 60 K do not exhibit such a van Hove singularity. We argue below that by itself a van Hove singularity is neither a necessary nor a sufficient condition for a high value of T c .
We have recently succeeded in fabricating Bi 2 Sr 2 CaCu 2 O 8ϩx single crystals that span the entire underdoped part of the phase diagram and extend far into the overdoped region as to reach T c ϭ52 K. 1 These samples were crucial to the complete photoemission study from insulator to overdoped superconductor. The overdoped Bi 2 Sr 2 CaCu 2 O 8ϩx exhibit a number of properties typical of a Fermi liquid: a large, Luttinger-type Fermi surface, 2-4 and a sizable T 2 term in the in-plane resistivity. 1 On the contrary, the underdoped and optimally doped samples exhibit predominantly linear in-T resistivity. Susceptibility measurements indicated that underdoped samples exhibit broad superconducting transition widths ͑8-10 K͒, while optimally doped and overdoped samples exhibit narrow widths ͑0.5 K͒. X-ray diffraction indicates no second phase material for underdoped or overdoped samples, with an experimental lower limit of 1%. As Ref. 5 recently noted, there is virtually no indication of bilayer interaction affecting the band structure, so each CuO 2 plane can be taken as approximately independent.
We also fabricated single crystals of Sr 2 CuO 2 Cl 2 .
6 Transmission electron microscopy measurements indicated that the structure of oxychloride is tetragonal (aϭb to better than 0.1%͒ ͓Ref. 7͑a͔͒ and resistivity measurements confirmed the insulating character of the samples. 7 (b) Clean surfaces of all samples were prepared by in situ cleaving in a residual vacuum better than 10 Ϫ10 torr, and the crystal orientation was determined by low-energy electron diffraction. Photoemission measurements were performed using a 50 mm mean radius hemispherical electrostatic energy analyzer, mounted on a two-axis goniometer. 4 The angular acceptance of the analyzer was 1.8°. Monochromatic radiation from the 4 m NIM beamline at the Aladdin storage ring of the Wisconsin Synchrotron Radiation Center was used. The light was Ͼ95% linearly polarized. The combined ͑photon plus electron͒ energy resolution was 25 meV.
We first report the photoemission results for the insulating oxichloride Sr 2 CuO 2 Cl 2 . Photoemission on this compound measures a dispersion of a single hole in a square-lattice spin-1/2 quantum antiferromagnet. 8 Photoemission measurements on Sr 2 CuO 2 Cl 2 have recently been performed by Wells et al. 9 We found similarities, but also discrepancies, with their results. Figure 1 illustrates our photoemission spectra of the valence-band dispersion in Sr 2 CuO 2 Cl 2 along the (0,) and (,) high-symmetry directions. In both series of spectra a broad but still clearly visible dispersing quasiparticle peak is observed. Our data in the (,) direction and also along the magnetic Brillouin zone boundary from (0,) to (,0) are consistent with Ref. 9 . Namely, we found that the valence-band dispersion has a single maximum located near (/2,/2). The dispersion near the maximum is quadratic, and the two effective masses, along and perpendicular to the (,) direction, are nearly equal. The experimental bandwidth of 300 meV is considerably smaller than that predicted by band-structure calculations. To within the experimental error, the bandwidth is ͑2.0-2.2͒J, where Jϳ0.13 eV is the nearest-neighbor antiferromagnetic exchange.
We next consider the (0,) direction. Here our data differ from those of Ref. 9 . Contrary to their findings, we observe a strong quasiparticle dispersion in this direction ͓Figs. 1͑a͒ and 1͑c͔͒. The peak of Figs. 1͑a͒ and 1͑c͒ was reproducibly observed ͑five times͒ whenever states of even reflection symmetry were probed. We also found that the peak amplitude is very sensitive to the direction of the photon electric field, and the peak exists only for fields nearly perpendicular to the (0,) direction (ϭ/2). The angular variation of the peak intensity is definitely much stronger that cos, and, as Fig.  1͑c͒ illustrates, for ϭ/4, the peak intensity is already extremely small. This, we believe, may explain why the peak has not been observed in Ref. 9 where measurements were done with unpolarized light, i.e., one measured the intensity averaged over . The reason for this strong angular dependence is, however, presently not known to us.
We now turn to the discussion of these results. At halffilling, the system is a Heisenberg antiferromagnet, and it possesses a commensurate antiferromagnetic order in the ground state. In this situation, a quantitative description of the electronic states is expected to be provided by a large U spin-density-wave ͑SDW͒ theory which adequately describes a Heisenberg antiferromagnet. 10 The point of departure for the theoretical considerations is the one-band Hubbard model with the hopping between nearest (t) and nextnearest (tЈ) neighbors. Though appealing due to its simplicity, the mean-field SDW dispersion is an approximate one and can only be rigorously justified if one artificially extends the Hubbard model to a large number of orbitals at a given site, nϭ2S, and considers a limit S→ϱ. 12 This corresponds to a large spin description of a Heisenberg antiferromagnet. For the physical case of nϭ1, the fluctuation corrections to the mean-field quasiparticle dispersion are not small. However, both numerical 13 (a) and analytical 13 (b) studies have demonstrated that the dominant effect of fluctuations is to reduce nearly homogeneously the spectral weight of the coherent part of the dispersion, which still holds up to 2J, and transform this spectral weight to the incoherent background which stretches up to a few t. In practice, this implies one can still use Eq. ͑1͒ for the dispersion, but the excitations acquire a substantial width. Moreover, the calculations beyond mean-field have demonstrated 14, 15 that the near-SDW form of the electronic dispersion extends well above T N , up to temperatures TϳJ.
We now list the specific features of the valence-band quasiparticle dispersion of Eq. ͑1͒. They are ͑i͒ the maximum of the valence band dispersion is at (/2,/2); ͑ii͒ the dispersion near the maximum is quadratic in momentum, and the two effective masses in the direction along and perpendicular to (,) are equal to each other, m 1 ϭm 2 ϭ1/2J; ͑iii͒ the quasiparticle energies at (0,0) and (0,) are both equal to E d ϭ⌬ϩ2J; ͑iv͒ the width of the valence band is 2J. All four of these results agree with our data and the data of Ref.
9.
The apparent absence of the quasiparticle dispersion along the (0,) direction, reported in Ref. 9 , was the key difficulty in earlier attempts to apply an SDW formalism to Sr 2 CuO 2 Cl 2 . Several groups suggested that in order to find agreement with the data of Ref. 9 along the (0,) direction, one has to introduce a substantial third-neighbor hopping. 17 Our experimental finding of the dispersion in the (0,) direction yields much better agreement with the simplest t-tЈ model ͓see Fig. 3͑a͔͒ .
We also find, consistent with Ref. 9 , that the quasiparticle residue along the (,) direction is much stronger from (0,0) to (/2,/2) than from (/2,/2) to (,). This result is again consistent with the SDW calculation that relates the quasiparticle residue Z to the coherence factors:
, where ⑀ k Ϫ ϭϪ2t(cosk x ϩcosk y ). Between (0,0) and (/2,/2), ⑀ k Ϫ is negative, while between (/2,/2) and (,) it is positive, which obviously yields a difference in Z, consistent with our experimental results. The bandwidth of around 2J is also consistent with theoretical predictions based on a model that exhibits spin-charge separation. 18 In fact, the difference between the two scenarios is not that large: in both theories, the electron spectral function has a wide (ϳ6 -8t) featureless incoherent part, and some dispersion on a scale of J. The only real difference between the two theoretical predictions is for the momentum range near (/2,/2) where the SDW scenario predicts, at Tϭ0, a Fermi-liquid dispersion with G(k,)ϭZ/͓ ϪJ(kϪ/2) 2 ϩi␥ 2 ], where ZϰJ/t and ␥ϰ1/J, while the model with spin-charge separation yields a branch cut behavior of G(k,) with the maximum of the spectral function at ϰ͉kϪ/2͉. Experimentally, it is difficult to make a precise conclusion about the shape and width of the dispersion right near (/2,/2) in the zero-temperature limit because experiments are done at only one temperature.
We now proceed to the results at finite doping. Figure 2 contains our experimental results for a heavily underdoped cuprate with T c 30 K and a less underdoped cuprate with T c 60 K. The dispersion relation which emerges from these data is shown in Fig. 3͑b͒ ͑triangles for 30 K material and black dots for 60 K material͒ together with the data for the insulator Sr 2 CuO 2 Cl 2 ͑open circles͒, and optimally doped cuprates ͑dashed line͒. The zero of energies coincides with the Fermi energy in the superconductors, and with the top of the valence band in the oxychloride. Several noteworthy points emerge directly from the data. First, the data taken along the (,) direction are very similar to the data obtained in the insulating Sr 2 CuO 2 Cl 2 ͓cf. Figs. 1͑b͒ and 2͑a͔͒ . In both cases the photoemission intensity has a relatively sharp maximum between (0,0) and (/2,/2) which approaches zero energy and eventually disappears as k approaches (/2,/2). This maximum can naturally be identified as a quasiparticle peak. For larger k, however, the maximum in the intensity reappears and shifts towards higher energies as k moves towards (,). In the insulating Sr 2 CuO 2 Cl 2 this second maximum was interpreted by Wells et al. as a second quasiparticle peak which obviously should be present due to antiferromagnetism. Similarity between the data for the insulator and 30 K Bi 2 Sr 2 CaCu 2 O 8ϩx material then suggests that the latter also possesses electronic states between (/2,/2) and (,) ͑black triangles in Fig. 3͒ . This dispersion is in full agreement with the idea [14] [15] [16] that underdoped cuprates develop the precursors of the SDW state even before the system actually becomes magnetically ordered.
We caution, however, that the peak between (/2,/2) and (,) is rather broad so it is not completely clear whether it corresponds to a true quasiparticle state or just to an enhancement of the intensity at the early stages of the development of the SDW precursors.
Further, we found that the overall width of the dispersion gradually increases with doping, and the electronic states observed above (/2,/2) for 30 K superconductors are no longer observed for less underdoped 60 K superconductors and for optimally doped material. This is consistent with the model calculations of Ref. 15 which show that the electronic states between (/2,/2) and (,) lose their spectral weight and eventually disappear with increased doping. Simultaneously, the overall width of the electronic dispersion increases from 2Jϳ0.3 eV to roughly ϳ4tϭ1 eV which is the half bandwidth for noninteracting quasiparticles.
We also found that the Fermi surface at optimally doped Bi 2 Sr 2 CaCu 2 O 8ϩx is located ͑for k x ϭk y ) slightly further away from (/2,/2) than in underdoped samples. This is consistent with the recent data by Marshall et al. 19 However, even at optimal doping, the Fermi surface is still located very close to (/2,/2). Combining this result with our earlier data which show that the Fermi surface crosses the Brillouin zone boundary near (0,) and symmetry related points, we conclude that even at optimal doping, a substantial portion of the quasiparticle Fermi surface is located close to the magnetic Brillouin zone boundary. This proximity is essential for theoretical considerations as, e.g., it is a key ingredient for the calculations which yield linear in T in-plane resistivity in a nearly antiferromagnetic Fermi-liquid model. 20 We now turn to dispersion along the (0,) direction. Here the evidence in favor of precursors of the SDW state is less clear: for a 30 K superconductor, we do not have conclusive data at the moment. For a less underdoped 60 K superconductor we observed a broad quasiparticle peak which disperses through the Fermi surface near (0,) ͑see Fig. 2͒ . This behavior is similar to the one observed in optimally doped superconductors, though the width of the peak is larger for 60 K material than for optimally doped material (230Ϯ20 meV compared to 175Ϯ15 meV for 90 K material͒. The dispersion along the (0,) direction has been recently studied by Stanford and Argonne groups. 19, 21 For optimally doped superconductors, our data and their data are consistent. For their 60 K superconductors, they found no Fermi-surface crossing but rather a broad maximum at about 150 meV consistent with the existence of the precursors to the SDW state. In addition, they also observed a shift of the leading edge of the photoemission curve to some finite frequency of ϳ25 meV. Our 60 K material, as we said, shows no SDW features along either the (0,) or (,) direction. Most likely, our 60 K material is actually more doped than the one studied by Stanford and Argonne groups.
Another issue which we studied in detail is the quasiparticle dispersion near (0,). It has been reported by a number of groups 22 that at optimal doping, the dispersion around (0,) is anomalously flat. Since the (0,) point is close to the Fermi surface, this anomalous dispersion was identified as an extended van Hove singularity. It has been argued that this flat dispersion is the necessary ingredient for superconductivity in cuprates. However, our results for a 60 K superconductor show no evidence for the flat dispersion ͑see Fig.  3͒ . We therefore believe that an extended van Hove singularity by itself is not a necessary ingredient for a high transition temperature, though it may give rise to an extra increase in T c .
In summary, our results indicate that the electronic band structure of a CuO 2 plane gradually changes upon doping from a semiconductorlike structure in a SDW insulator to a normal, Fermi-liquid-like metallic structure at optimal doping. We have presented extensive evidence for precursors of the SDW state persisting in the underdoped cuprates. This evidence is particularly strong along the (,) direction. We also found that an extended van Hove singularity, by itself, is not a necessary condition for a high T c value.
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